Background and Aims Climate change in the Arctic is projected to increase temperature, precipitation and snowfall. This may alter leaf anatomy and gas exchange either directly or indirectly. Our aim was to assess whether increased snow depth and warming modify leaf anatomy and affect biogenic volatile organic compound (BVOC) emissions and CO 2 exchange of the widespread arctic shrubs Betula nana and Empetrum nigrum ssp. hermaphroditum.
INTRODUCTION
Climate change will be particularly pronounced at high latitudes, where a warming of 3-11 C and a precipitation increase of > 50 % are projected by 2100 (Collins et al., 2013) . Changes in temperature and precipitation can have a range of implications for evaporation patterns, carbon and nutrient cycling, growing season length, vegetation composition and snow cover (Epstein et al., 2000; Walker et al., 2006; Elmendorf et al., 2012; Collins et al., 2013) . In colder regions, a greater snow depth is expected as a result of increased precipitation rates during winter (Collins et al., 2013) . The insulating property of the snowpack increases the soil temperature and can thereby lead to increased litter turnover rates (Blok et al., 2016) , greater nutrient availability and higher soil moisture concentrations (Wipf and Rixen, 2010; Semenchuk et al., 2015) . Furthermore, greater snow depth may delay snowmelt and the start of the growing season (Wipf and Rixen, 2010) .
The expected future changes in environmental conditions may alter the emissions of biogenic volatile organic compounds (BVOCs) from vegetation (Laothawornkitkul et al., 2009) . BVOCs comprise a large group of compounds, e.g. terpenoids such as isoprene, monoterpenes and sesquiterpenes, involved in processes such as plant defence, reproduction, communication and protection against abiotic stress (Laothawornkitkul et al., 2009; Possell and Loreto, 2013; Trowbridge and Stoy, 2013) , and the synthesis of these compounds can require up to 10 % of the carbon fixed in photosynthesis (Peñuelas and Llusi a, 2003) . BVOCs play an important role in atmospheric chemistry, and alterations in BVOC emissions contribute to complex climate feedback mechanisms (Arneth et al., 2010; Kulmala et al., 2013) . BVOCs prolong the atmospheric lifetime of the greenhouse gas methane (CH 4 ), act as precursors for secondary organic aerosols, potentially affecting cloud cover, and can lead to both formation and consumption of tropospheric ozone (O 3 ) (Fuentes et al., 2000; Laothawornkitkul et al., 2009; Kulmala et al., 2013; Monson and Baldocchi, 2014a) .
Low temperatures, a short growing season and sparse vegetation cover have been assumed to limit high-latitude BVOC emissions (Guenther et al., 1995 (Guenther et al., , 2012 Laothawornkitkul et al., 2009) . However, the first estimates of high arctic emissions were presented only recently, by Schollert et al. (2014) . Due to the particularly strong temperature-dependency of BVOC emissions from Arctic ecosystems (Kramshøj et al., 2016; Lindwall et al., 2016a, b) , and due to the rapidly rising temperature in this area compared with the global average temperature rise (Collins et al., 2013) , global warming is expected to lead to a disproportionally large increase in Arctic BVOC emissions. In general, direct short-term temperature responses in BVOC emissions are caused by accelerated biochemical reaction rates, higher compound volatility and increased cellular diffusion rates. As the emission of BVOCs directly released from de novo synthesis is tightly linked to photosynthetic carbon metabolism (Loreto and Schnitzler, 2010; Li and Sharkey, 2013) , even for species with specialized storage structures (Ghirardo et al., 2010) , changes in photosynthetic rates caused by warming (Oechel and Billings, 1992; Larcher, 2003) could furthermore lead to altered BVOC emissions. Indirect temperature effects, such as possible lengthening of the growing season, vegetation biomass increase and changes in vegetation composition, could also increase total BVOC emissions (Laothawornkitkul et al., 2009) . However, climate warming will likely occur in combination with changes in e.g. light intensity, precipitation patterns, water and nutrient availability, which will all contribute to the overall response (Possell and Loreto, 2013) .
Alterations in leaf anatomy are a way in which plants can acclimate to changes in environmental conditions, and they affect the plant's carbon fixation, water relations and stress tolerance (Larcher, 2003; Luomala et al., 2005) . Leaf anatomy can also affect BVOC emissions. For example, Schollert et al. (2015) showed that thickening of leaf and palisade tissue and thinning of the epidermis explained increased isoprene emissions in the deciduous shrubs Betula nana and Salix arctica. Hartikainen et al. (2009 Hartikainen et al. ( , 2014 suggested that thinning of the epidermis by warming enhanced BVOC emissions from Populus tremula and Betula pendula leaves. The study by Kivim€ aenp€ a€ a et al. (2016) revealed that higher numbers of terpene-storing structures explained increased terpenoid emissions by warming, elevated O 3 and higher nitrogen availability in Scots pine (Pinus sylvestris), an evergreen conifer. Glandular trichomes, which can be specialized for storage of some BVOCs (Loreto and Schnitzler, 2010; Glas et al., 2012; Fineschi et al., 2013) , are reported to decrease with warming (Higuchi et al., 1999) and increase as a function of drought severity (Guerfel et al., 2009) , and thus can affect BVOC emissions under climate change. Anatomical changes can develop within weeks, and several studies on environmental change have observed modifications in leaf anatomy of deciduous species already during the first growing season for leaves developed under e.g. elevated temperature, nitrogen fertilization, drought or elevated O 3 levels (P€ a€ akkönen and Holopainen, 1995; P€ a€ akkönen et al., 1998; Hartikainen et al., 2009 Hartikainen et al., , 2014 . However, to our knowledge, the impacts of snow depth on leaf anatomy, indirectly caused by e.g. increased soil moisture and temperature and delayed growing season (Wipf and Rixen, 2010) , have not yet been studied in combination with summer warming effects.
We investigated the effects of increased snow depth and passive summer warming on BVOC emissions and leaf anatomy of two shrub species using a full-factorial field experiment in low Arctic Greenland. Additionally, we measured CO 2 exchange in order to relate the BVOC emissions to CO 2 assimilation and overall plant activity. The species investigated were the deciduous Betula nana and the evergreen Empetrum nigrum ssp. hermaphroditum, both common circumboreal-polar shrubs.
Because leaf anatomy is sensitive to a changing environment, we expected to observe alterations due to increased snow depth and summer warming already after a treatment period of 1 year. We expected that increased temperature would induce changes such as thinner leaves and reduced density of trichomes. We also expected that increased soil moisture in plots with increased snow depth would lead to thinner leaves and lower trichome density than in plots with ambient snow depth. We hypothesized that later snowmelt of a thicker snow cover would delay plant activity in the early growing season, decreasing CO 2 exchange and also BVOC emissions. Also, we hypothesized that summer warming would lead to increased BVOC emissions as a direct temperature response. The effects of increased snow depth were expected to counteract the stimulatory effects of summer warming on gas exchange, especially in the early growing season.
MATERIALS AND METHODS

Study site, experimental setup and studied plant species
This study was conducted in a well-drained tundra heath in Blaesedalen valley, a few kilometres east of the Arctic Station on the south coast of Disko Island, Central West Greenland (69 15 0 N, 53 34 0 W). The climate is characterized as Low Arctic with a mean annual temperature of -2Á9
C and an annual precipitation of 273 mm , as recorded by the meteorological station at the Arctic Station (Hansen et al., 2006) . Air temperature and precipitation data for the measurement period are presented in Fig. 1 . The temperature during the period was close to the long-term average, while precipitation in the June-August period (71 mm) was only half of the longterm average for this period. The study site is within a zone of discontinuous permafrost.
Measurements were performed during the 2013 growing season using a full-factorial field experiment established in July 2012. The experiment has been described in detail by Blok et al. (2016) . The experiment consisted of factorial passive warming and passive snow addition treatments replicated in six blocks, each with a snow fence (14Á7 m long and 1Á5 m high). Winter snow depth reached up to 140 cm on the leeward (south) snow accumulation side of the fences, while it was up to 40 cm on the windward side, representing ambient snow conditions (Supplementary Data Fig. S1 ). Snow remained in the snow addition treatment (S) until mid-June, whereas the control treatment (C) was close to snow-free (362 cm) following a spring warming event in late March 2013 (Blok et al., 2016) . Both sides of the snow fence also had a year-round installed polycarbonate hexagon open-top chamber (OTC; bottom diameter 150 cm, height 35 cm). Continuous temperature measurements showed that the OTCs significantly increased the surface air temperature by 2Á7 C during the summer of 2013, but not during the winter of 2012-13 (Blok et al., 2016) . With six replicates of the treatments C, S, OTC and the combined SþOTC, the total number of treatment plots used in this study was 24.
One individual shoot of each dominant vascular plant species, the deciduous shrub Betula nana and the evergreen shrub Empetrum nigrum ssp. hermaphroditum, was selected within each plot. The evergreen shoots of E. hermaphroditum consist of several green leaf cohorts of up to 3 years of age. A total of 24 B. nana shoots were marked for repeated shoot gas exchange measurements, whereas only 22 E. hermaphroditum shoots were selected due to the absence of the species in two plots. Four BVOC measurement campaigns were conducted on 27-29 June, 7-8 July, 22-23 July and 3-4 August 2013. The BVOC measurements were accompanied by measurements of CO 2 exchange on 1 July, 9 July, 24-25 July and 5-6 August 2013. The plant shoots were harvested after the last CO 2 exchange measurement campaign, air-dried and sorted into leaves and stems in order to determine dry mass and leaf area. Leaf samples for scanning electron microscopy (SEM) and light microscopy (LM) were collected on 7 August and 9 August, respectively.
Leaf anatomy measurements
Two fully developed current-year leaves were collected per species per plot for LM and immediately placed in 2Á5 % (v/v) glutaraldehyde fixative (in 0Á1 M sodium cacodylate buffer). While in glutaraldehyde fixative, sections of $1Á5Â1Á5 mm were cut along the central midrib of B. nana leaves. For E. hermaphroditum, 1Á5-mm segments were cut from the middle part of the leaves. Samples were stored in cold fixative until further processing.
Samples were rinsed in sodium cacodylate buffer (0Á1 M), post-fixed with 1 % osmium tetroxide (OsO 4 ) (in 0Á1 M sodium cacodylate buffer), dehydrated with an increasing ethanol series followed by a propylene oxide treatment and embedded in epon (Embed 812, Electron Microscopy Sciences, Hatfield, PA, USA). Sections (1Á5 mm) for LM were cut from the embedded samples using an ultramicrotome [Reichert-Jung Ultracut E, Diatomen histo-knife (Hi 4967), Vienna, Austria] and stained with toluidine blue and p-phenylene diamine (Kivim€ aenp€ a€ a et al., 2010). The LM sections were studied with a light microscope (Primo Star; Zeiss, Jena, Germany and Olympus BX61 automated upright microscope, Olympus Corporation, Tokyo, Japan) and photographed (Zeiss Axiocam ERc 5s camera, Jena, Germany and Olympus DP70 digital microscope camera, Tokyo, Japan) with a Â 10-20 objective. Digital images were analysed for thicknesses of the leaf, epidermis (including cuticle) and palisade and spongy mesophyll (Figs 2 and 3) . The ratio between palisade and spongy mesophyll layers was calculated. For E. hermaphroditum, the LM images were also used for calculating the number of trichomes and stomata per inner leaf surface length (Fig. 3) . A point-counting method was used to calculate the proportions of intercellular space, palisade and spongy mesophyll cells of the whole mesophyll layer (Steer, 1991) .
Leaves for SEM analysis were air-dried and $8-mm 2 sections were cut next to the central vein in the middle of the B. nana leaves, and whole leaves and leaves cut into two halves for E. hermaphroditum, were mounted on aluminium stubs and coated with gold-platinum ($50 nm) under vacuum (Automatic Sputter Coater B7341; Agar Scientific, Stansted, UK). The samples were examined using SEM (Philips XL30 ESEM-TMP; FEI Company, Eindhoven, the Netherlands) and digitally photographed. Images of Â 300 magnification were analysed for trichome and stomatal density of B. nana leaves. However, for E. hermaphroditum there were no structures on the leaf surface to examine using SEM. All analyses of digital images were done using the tools of ImageJ (1Á47v; Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). Leaf dry mass per area (M A ) and specific leaf area (leaf area per dry mass, SLA) were calculated for the broadleaved B. nana.
BVOC sampling and analysis
Emissions of BVOC from the plant shoots were measured with a dynamic enclosure system using polyethylene terephthalate (PET) bags (Rul-let Quality, Abena, Aabenraa, Denmark) as enclosures (Stewart-Jones and Poppy, 2006) . The PET bags were pre-cleaned (120 C, 60 min) to reduce impurities and disposed of after a single measurement. The bag was carefully tied around the stem of the plant shoot together with the air inlet, while the air outlet was led through a hole in the upper part of the bag. Air was circulated through the PET bag ($1 L volume) for 30 min. The incoming air with a flow rate of 500 ml min À1 was purified with a charcoal filter to remove particles and volatile organic compound (VOC) contaminants present in the ambient air and with an MnO 2 scrubber to remove O 3 (Ortega and Helmig, 2008) . The outflow was 200 ml min
À1
and BVOCs from the 6-L air sample were adsorbed in stainless steel cartridges (Markes International, Llantrisant, UK) containing Tenax TA (150 mg) and Carbopack 1 TD (200 mg). Cartridges were sealed with Teflon-coated brass caps and stored at þ 4 C until analysis. The analysis was conducted within 3 weeks from sampling.
Temperature and relative humidity inside the PET bag (DS1923, iButton Hygrochron temperature/humidity logger; Maxim Integrated, San Jose, CA, USA) were recorded at 1-min intervals during measurements. Photosynthetic photon flux density (PPFD) outside the PET bag (S-LIA-M003 sensor connected to an HOBO microstation data logger H21-002; Onset Computer Corporation, Boston, MA, USA) was recorded every10 s. Soil moisture was measured four times during the season using a ThetaProbe (connected to an HH2 Moisture Meter; Delta-T Devices, Cambridge, UK). The PET bag did not cause a significant temperature rise compared with ambient air temperature at canopy height (minimum-maximum temperature difference, À3Á7-7Á7 C, P ¼ 0Á5, t-test). We analysed BVOCs with a gas chromatograph-mass spectrometer (7890A Series GC coupled with a 5975C inert MSD/DS Perfomance Turbo EI System; Agilent, Santa Clara, CA, USA). The samples were thermally desorbed using an ULTRA autosampler and an UNITY2 thermal desorber (Markes International, Llantrisant, UK) at 250 C for 10 min and cryofocused at À 10 C before injection into a HP-5 capillary column (length 50 m, film thickness 0Á33 mm, diameter 0Á2 mm). The carrier gas was helium. The GC oven temperature was held at 40 C for 1 min, raised to 210 C at a rate of 5 C min
, and then raised to 250 C at a rate of 20 C min
. The mass spectrometer was operated in scan mode.
The BVOCs were identified according to 28 standard compounds and by using the mass spectra in the NIST 8Á0 library (National Institute of Standards and Technology, Gaithersburg, MD, USA). The BVOCs were classified into monoterpenes (MTs, 10C), sesquiterpenes (SQTs, 15C), other reactive volatile organic compounds (ORVOCs, having atmospheric lifetimes of < 24 h; Guenther et al., 1995) and other VOCs. Pure standards in methanol were used for quantification of BVOCs, as described by Schollert et al. (2015) .
Chromatograms were analysed using Enhanced ChemStation software (MSD ChemStation, E.02Á01Á1177; Agilent Technologies, Santa Clara, CA, USA). Compounds that had an identification quality of the match with the NIST library >90 % were included in the dataset. Compounds originating from measurement material or the analysis system were excluded based on blank measurements.
The BVOC emission rate was calculated according to the following formula: mg BVOC m
ÂF]/ leaf area, where C out and C in are the concentrations of BVOCs in the outlet and inlet air and F is the flow rate into the enclosure. The concentration in the filtered inlet air was assumed to be zero (Ortega and Helmig, 2008; Niinemets et al., 2011) .
All emission rates are presented as actual emissions. Emission potentials for MTs and SQTs, which have been calculated according to Guenther et al. (1993) for a temperature of 30 C, are shown in Supplementary Data Table S1 .
CO 2 exchange measurements PET bags were used as enclosures and the measurements were conducted with an EGM-4 infrared Environmental Gas Monitor (PP Systems, Hitchin, UK) connected to an Environmental Monitor Sensor Probe Type 3 (PP Systems, Hitchin, UK). For each shoot, a net photosynthesis (P N ) measurement was conducted under ambient light, followed by a dark respiration (R D ) measurement with the enclosure covered with a dark cloth. The CO 2 concentration, temperature, relative humidity and PPFD were recorded every 60 s by the EGM-4 system for a maximum period of 5 min. Values of P N and R D were calculated as mg CO 2 m À2 leaf h À1 from the rate of change in CO 2 concentration in the enclosure. Gross photosynthesis (P G ) was calculated as P N þR D . Positive values represent assimilation of CO 2 .
Statistical analysis
Statistical analyses were conducted using SAS 9Á4 (SAS Institute, Cary, NC, USA) and were performed separately for the two species. Treatment effects on environmental variables, BVOC emissions and CO 2 exchange across the measurement campaigns were tested using repeated measures linear mixed models. Fixed factors were snow addition, OTC treatment and time (campaign), and all interactions between these fixed factors were initially included. To simplify the models, the interaction terms with P ! 0Á2 were removed from the model one by one, starting with the highest interaction. Block was used as random factor, but was excluded from the model when background variation could not be assigned to differences among blocks (when the covariance parameter estimate was 0). Compound symmetry was chosen as the covariance structure for the repeated factor (campaign).
Similar linear mixed models, but without a repeated factor, were used to assess for treatment effects within each campaign and for the leaf anatomy variables, which were measured once.
All BVOC data and P G data for E. hermaphroditum were log-transformed, and soil moisture data square root-transformed to ensure normality of residuals and homogeneity of variances. Main factors and interactions were identified as significant when P < 0Á10 in order to minimize the risk of a type-II error (Filion et al., 2000) .
In order to assess correlations between leaf anatomy and gas exchange variables, we used principal component analysis (PCA) in SIMCA 13.0.3 (Umetrics, Umeå, Sweden). The PCA was performed on unit variance-scaled and centred data, including leaf anatomy data and season mean values for the variables with several measurement campaigns (net photosynthesis, dark respiration and the total emission data for each BVOC group).
RESULTS
Treatment effects on environmental variables during measurements
During BVOC measurements, air temperature was significantly increased by the OTCs only in the 7-8 July campaign and decreased by snow addition in the 22-23 July campaign (Table  1) . Across the measurement campaigns, the air temperature was on average increased by 0Á9 C in the OTCs and decreased by 0Á8 C in snow addition, although this was not statistically significant.
Except for the first campaign, soil moisture was consistently reduced by the OTC treatment, with a 23 % reduction across the campaigns (P < 0Á05, repeated measures linear mixed model; Table 1 ). The reduced soil moisture in OTC plots was counteracted when in combination with the snow addition treatment (P < 0Á01 for S Â OTC), where the melt water increased the soil moisture.
The PPFD was consistently reduced in the OTC treatment compared with ambient temperature plots without OTCs (P < 0Á001; Table 1 ). The reduction was 16 % across the campaigns.
Changes in leaf anatomy
For B. nana, snow addition significantly increased the density of glandular trichomes on the upper surface of the leaf by 3Á4 trichomes per mm 2 , equivalent to 59 % (P < 0Á05, linear mixed model) ( Table 2 ). The OTC treatments increased the thickness of the upper epidermis by 18 % (P < 0Á1).
For E. hermaphroditum, snow addition significantly decreased the proportion of spongy mesophyll cells from 24 to 18 % and increased the proportion of intercellular space in the mesophyll tissue from 38 to 43 % (Table 2) . Furthermore, the thickness of the palisade mesophyll layer was lowered by 11 % by snow addition. The OTCs decreased the palisade:spongy mesophyll ratio from 0Á63 to 0Á53 and increased the number of glandular trichomes by 0Á8 per mm inner leaf surface length.
Most of the other measured leaf anatomy variables were not significantly affected by the treatments (Supplementary Data  Table S2 ), and there were no significant interactions between snow addition and OTC treatment.
Treatment effects on BVOC emissions
Betula nana. The total seasonal mean BVOC emissions consisted of 87 % ORVOCs, which had 3-hexen-1-ol and hex-3-enyl acetate as the major compounds. Monoterpenes constituted 5 %, SQTs 6 % and other VOCs 2 % of the total BVOC emission (Supplementary Data Table S3 ).
The highest emissions were found on 7-8 July for all compound groups (Fig. 4A, Table 3 ), and this campaign also had the highest number of emitted compounds. This was despite the fact that the enclosure air temperature in the control treatment was only 22Á5 C ( Table 1 ). The only significant snow addition effect across the campaigns was an increase in SQT emission by 444 % (P<0Á05, repeated measures linear mixed model; Table 3 ). There was neither a significant effect of OTC nor interactions on the BVOC emissions across the campaigns. On July 22-23, with enclosure temperature >30 C (Table 1) , the emission of other VOCs and the number of compounds were significantly decreased by the OTC treatment by 88 % and eight compounds, respectively (P<0Á05).
Empetrum hermaphroditum. The ORVOC emission, with 3-hexen-1-ol, hex-3-enyl acetate and hexanal being the dominant compounds, represented 64 % of the total emission across the campaigns. Monoterpenes constituted 25 %, SQTs 9 % and other VOCs 2 % of the total mean emission.
Emissions of all the BVOC groups and the number of emitted compounds peaked on 7-8 July (Fig. 4B, Table 4 ). Snow addition had no significant effect on seasonal mean emissions of any BVOC group. However, the effect of snow addition on SQT emissions varied significantly over the season (P<0Á05 for the S Â time interaction; Table 4), and led to a significant 153 % increase on 3-4 August. The OTC treatments decreased Values are mean 6 s.e. † P < 0Á1; *P < 0Á05; **P < 0Á01. Values are mean 6 s.e., n ¼ 4-6. Only variables with significant treatment effects are shown (linear mixed model, † P < 0Á1; *P < 0Á05). 
Results of linear mixed model analyses are shown for each campaign: † P<0Á1; *P<0Á05; **P < 0Á01.
the emission of other VOCs by 65 % and increased the SQT emission by 89 % across the campaigns, and by 118 % on 22-23 July.
Photosynthesis and dark respiration
In general, the deciduous shrub B. nana had higher CO 2 exchange rates than the evergreen shrub E. hermaphroditum (Figs 5 and 6). For both species, the net CO 2 assimilation across the treatments was greatest on 24-25 July (Figs 5A and 6A) .
For B. nana, snow addition decreased P G by 22 % across the campaigns (P < 0Á1, repeated measures linear mixed model), with a reduction of 51 and 26 % on 1 and 9 July, respectively (P < 0Á05; Fig. 5B ). Mean P N was significantly decreased by 24 % by snow addition overall, as well as during the campaigns on 1 and 9 July, when it was reduced by 60 and 32 %, respectively (Fig. 5A ). There was no significant effect of snow addition on R D across the campaigns.
The OTC treatment increased P G for B. nana by 27 % across the campaigns, and by 42 % on 9 July. There were no significant overall OTC effects on R D or P N .
There were no significant main effects of snow addition, OTC or their interaction for P G , P N or R D in E. hermaphroditum across the campaigns (Fig. 6) . A significant treatment effect was only found on 24-25 July, when snow addition decreased P N by 34 % (P < 0Á05; Fig. 6A ).
Correlation between leaf anatomy and gas exchange variables
The PCA summarizing leaf anatomy variables and season averages for gas exchange variables revealed several correlations between variables. For B. nana, the first principal component (PC1, explaining 20Á8 % of the variance) showed a negative correlation between a group of anatomy variables (SLA, proportion of intercellular space and thickness of spongy mesophyll) and M A , and the emission of MTs and other VOCs (Fig. 7A) . The second PC (explaining 16Á2 % of the variance) showed that the thickness of palisade mesophyll positively correlated with net photosynthesis, and both of these variables correlated negatively with trichome density on the upper epidermis and SQT emission. There was also a negative correlation between leaf and epidermis thicknesses and ORVOC emission.
The PCA of E. hermaphroditum variables showed that there was a negative correlation between overall leaf thickness plus spongy mesophyll thickness and MT emission along the PC1, which explained 17Á2 % of the variance (Fig. 7B) . The second PC (explaining 16Á5 % of the variance) demonstrated a positive correlation between palisade mesophyll thickness and net photosynthesis, which correlated negatively with the emission 
Results of linear mixed model analyses are shown for each campaign: † P < 0Á1; *P < 0Á05; **P < 0Á01.
of other VOCs. The proportion of intercellular space positively correlated with dark respiration and ORVOC emission. Trichome density correlated positively with SQT emission.
DISCUSSION
Our comprehensive study of leaf anatomical features showed that the studied species were affected already after 1 year of treatment, which is consistent with other short-term studies on environmental change (e.g. Hartikainen et al., 2009 Hartikainen et al., , 2014 . This indicates the sensitivity and significance of leaf anatomy in plant acclimation.
Effects of snow addition
Betula nana had an increased density of glandular trichomes in response to snow addition. For Betula spp., the final number of trichomes is established early in leaf development, and the conditions at the beginning of the season could thus be important for determining trichome density (Valkama et al., 2004) . The decreased temperature during leaf development might have led to the higher trichome density in the snow addition plots, which may indicate an attempt of the plants to prevent additional cooling of the leaves by decreasing transpiration (as opposed to increased temperature; Hartikainen et al., 2014) . Valkama et al. (2004) also showed that the density of trichomes decreases dramatically during leaf development in Betula spp., and delayed leaf development due to snow addition could have led to the observed higher trichome density. The costly production of glandular trichomes might take place at the expense of plant reproduction and survival (Hare et al., 2003) .
For E. hermaphroditum, the snow addition treatment decreased the thickness of the palisade mesophyll and proportion of spongy mesophyll, which is consistent with an increased proportion of intercellular space in the mesophyll. The mesophyll, and especially the palisade mesophyll near the upper leaf surface, has a high photosynthetic potential (Monson and Baldocchi, 2014b) , which was also visible in the PCA models. Thus, the thinner palisade mesophyll is well in agreement with the reduced P N in the snow addition treatment around the peak growing season in late July. A less densely packed mesophyll could be linked to conditions with abundant water supply in the snow addition plots as opposed to dry conditions, which generally lead to thicker and more densely packed leaves in order to prevent water loss (Gratani and Bombelli, 1999; Bosabalidis and Kofidis, 2002; Larcher, 2003) . No apparent delays in the BVOC emission patterns were observed in response to snow addition despite the later snowmelt and thus later onset of the growing season. Delayed plant activity was particularly evident for B. nana, for which P N was considerably reduced (24 % across the campaigns) in the snow addition plots, especially at the beginning of the measurement period. Reduction in P N would also indicate a reduction in BVOCs from de novo synthesis (Loreto and Schnitzler, 2010; Li and Sharkey, 2013) . The negative correlation between P N and SQTs suggests that the increased SQT emission from B. nana was not from de novo synthesis but from stored compounds. Thus, the increased emissions of SQTs, typically stored compounds (Duhl et al., 2008) , could be related to the higher density of glandular trichomes (Loreto and Schnitzler, 2010; Fineschi et al., 2013) in the snow addition plots. This was supported by the PCA showing a positive correlation between SQT emission and the density of glandular trichomes. Additional changes in BVOC emissions might in the long run follow from changes in nutrient availability (Semenchuk et al., 2015) , water relations of the soil (Wipf and Rixen, 2010) and changes in vegetation cover and composition (Smith et al., 1995; Wahren et al., 2005; Wipf and Rixen, 2010) due to the deeper snow pack.
Effects of OTCs
As noted by others, OTCs and greenhouses used in warming experiments affect the enclosed microclimate not only by raising the temperature but also by decreasing soil moisture, light level and wind speeds (Bret-Harte et al., 2001; Bokhorst et al., 2013) . Likewise, the effects of OTCs on temperature, soil moisture and PPFD level in this study may all affect plant growth and development, and it is not possible to distinguish between these environmental factors. For example, as water deficit generally leads to a thicker epidermis (Larcher, 2003; Guerfel et al., 2009) , the increased thickness of the upper epidermis of B. nana in the OTC plots could be a response to periodically decreased soil moisture. A thicker epidermis (including cuticle) can be an anatomical modification to improve water relations and thus enhance survival and growth under low water conditions (Larcher, 2003; Bacelar et al., 2004) .
In contrast to the study by Schollert et al. (2015) , we found that OTCs caused changes in the leaf anatomy of E. hermaphroditum. A higher density of glandular trichomes on the inner surface of E. hermaphroditum in the OTC plots is in agreement with studies showing higher trichome density due to water deficit (Bosabalidis and Kofidis, 2002; Guerfel et al., 2009) . The increased density of trichomes can in turn be linked to the observed trend towards increased SQT emission in the OTC plots across the season. Empetrum hermaphroditum additionally showed a decreased palisade:spongy mesophyll ratio in response to the OTC treatment, which corresponds to the warming responses in Cassiope tetragona, B. nana and Salix arctica in Schollert et al. (2015) . As the palisade mesophyll has a high potential for photosynthesis (Monson and Baldocchi, 2014b) and BVOC synthesis (Hartikainen et al., 2009 ), a lower palisade:spongy mesophyll ratio might partly explain why the OTCs led to only a few increases in BVOC emission from E. hermaphroditum.
We expected to find increased BVOC emissions due to a direct temperature response in the OTC treatment. However, the OTCs only significantly increased the SQT emission from E. hermaphroditum in the late July campaign, in which the increased emission may have been due to a drought impact resulting from the reduced soil moisture in the OTCs (Peñuelas and Staudt, 2010) . The scarcity of effects could be related to the absence of clearly elevated air temperature in the OTCs during BVOC measurements, an issue also encountered by Rinnan et al. (2011) . The absence of temperature differences may be due to the air stream flowing through the enclosures in the dynamic BVOC measurement. Studies of a wet subarctic heath also observed that the warming effect on BVOCs disappeared as OTCs were removed and temperatures became similar in the treatments (Tiiva et al., 2008; Faubert et al., 2010) . However, Empetrum hermaphroditum. The gas exchange variables were total monoterpene emission (MT), total sesquiterpene emission (SQTs), total emission of other reactive volatile organic compounds (ORVOCs) and other volatile organic compounds (Other VOCs), net photosynthesis (P N ) and dark respiration (R D ). The anatomy variables were leaf thickness, thickness of each epidermis, palisade mesophyll thickness, spongy mesophyll thickness, proportion of intercellular space, stomatal density, glandular trichome density on each epidermis, and, for B. nana, mean leaf area, specific leaf area (SLA) and leaf dry mass per area (MA). Explained variance is shown for each principal component (PC).
continuous measurements from our experimental site showed that OTCs significantly increased surface air temperature by > 2 C during spring and summer (Blok et al., 2016) , indicating that the plants had experienced different temperature regimes over a longer time. It is known that temperatures during the days prior to sampling can influence BVOC emissions (Ekberg et al., 2009; Potosnak et al., 2013) , but this effect was apparently lacking in our study. The response could be lacking due to counteracting effects of the reduced PPFD level in the OTCs, as the emissions of many BVOCs are light-dependent due to direct synthesis from photosynthesis products (Laothawornkitkul et al., 2009; Monson and Baldocchi, 2014a) . The photosynthesis of B. nana saturates first at PPFD of $1500 mmol m À2 s À1 (D Blok and A Michelsen, pers. comm.), which suggests significant effects of the light reduction in the OTCs. The effects observed here might therefore be an underestimate of what can be expected in nature when PPFD levels are not reduced while temperature rises. Furthermore, potential changes in e.g. nutrient cycling, soil moisture and shrub growth (Rinnan et al., 2007; Elmendorf et al., 2012; MyersSmith et al., 2015) following the temperature rise could thus cause indirect BVOC emission responses in the longer term.
Despite the potential counteracting effects of lower PPFD and soil moisture, B. nana had a higher P G in the OTC treatment in this study. This may be due to a higher proportion of diffuse relative to direct solar radiation in OTCs (Leadley and Drake, 1993) , which enhances photosynthetic efficiency in Arctic plant canopies (Williams et al., 2014) . The observed higher P G is in agreement with B. pendula having greater photosynthesis at an elevated temperature (Riikonen et al., 2009; Hartikainen et al., 2012) , but in contrast with a lack of OTC effects on B. nana net photosynthesis at saturating light after a 20-year-long experimental manipulation (Leffler et al., 2016) . Evergreens seem even less responsive. The OTC treatment did not affect photosynthesis in E. hermaphroditum in this study, and warming in field exposure studies has not increased the photosynthetic rate of the boreal evergreen Picea species (Bronson and Gower, 2010; Riikonen et al., 2012; Kivim€ aenp€ a€ a et al., 2013) . Through the short growing season, tundra plants in general appear to maintain a high photosynthetic capacity, which is little affected by alterations in growing season length, active layer depth and soil temperatures (Starr et al., 2008) .
The emission of BVOCs from de novo biosynthesis, such as isoprene and some MTs, is tightly bound to photosynthetic carbon metabolism (Ghirardo et al., 2010; Monson and Baldocchi, 2014a) . In this study the direct connection between BVOC emissions and CO 2 exchange could, however, have been obscured as the measurements, for logistical reasons, could not be conducted simultaneously. Whereas the highest BVOC emissions were found in early July, CO 2 uptake was greatest in late July. Emissions of BVOCs from storage pools can additionally have led to a less strong connection between BVOC emissions and CO 2 assimilation.
Conclusions
In this study we found SQTs to be the most responsive BVOC group. Despite the scarce BVOC responses to the treatments, SQT emissions increased and thus gave rise to an altered BVOC profile already after 1 year of treatment. SQT emissions were explained by higher density of glandular trichomes, which can serve as BVOC storage structures, but also may contain other defensive metabolites against herbivores (Valkama et al., 2004; Glas et al., 2012) . Thus, arctic dwarf shrubs may have increased resistance to herbivore stress in future climatic conditions. The thickened epidermis under warming may also provide tolerance against abiotic stresses (Bosabalidis and Kofidis, 2002; Bussotti et al., 1998) . Our results show that a deeper snow pack in the winter influences both the studied species, a deciduous and an evergreen tundra shrub, already after the first winter. Leaf development and the onset of net assimilation of B. nana were delayed by additional snow, while E. hermaphroditum had thinner palisade mesophyll and reduced net assimilation. In contrast with the expected temperature increase, which may be accompanied by reduced soil moisture, a deeper snow pack will alleviate water stress, at least in the early growing season, due to melt water. In the long term, the potentially contrasting impacts of these two factors might further deviate, as others have shown that the insulation provided by deeper snow can enhance soil microbial activity in late winter and thereby lead to higher nutrient availability (Semenchuk et al., 2015) . Our findings highlight the ecological significance of winter precipitation changes, which can interact with effects of climate warming.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Figure S1 : field experiment on Disko Island, Central West Greenland. Table S1 : mean emission potentials at 30 C (mg m À2 h À1 6 s.e.; n ¼ 3-6) of monoterpenes (MTs) and sesquiterpenes (SQTs) for (A) Betula nana and (B) Empetrum hermaphroditum in control (C), opentop chamber (OTC), snow addition (S) and SþOTC treatments. Table S2 : leaf anatomy variables (mean 6 s.e.; n ¼ 4-6) for Betula nana and Empetrum hermaphroditum in control (C), open-top chamber (OTC), snow addition (S) and SþOTC treatments. Table S3 : mean BVOC emissions (mg m À2 h À1 6 s.e.; n¼84-94) of individual compounds grouped as monoterpenes (MTs), sesquiterpenes (SQTs), other reactive volatile organic compounds (ORVOCs) and other volatile organic compounds for Betula nana and Empetrum hermaphroditum.
